Monitoring of recreational beaches for fecal indicator bacteria is currently performed using culturebased technology that can require more than a day for laboratory analysis, during which time swimmers are at risk. Here we review new methods that have the potential to reduce the measurement period to less than an hour. These methods generally involve two steps. The first is target capture, in which the microbial group of interest (or some molecular/chemical/or biochemical signature of the group) is removed, tagged or amplified to differentiate it from the remaining material in the sample. We discuss three classes of capture methods: 1) Surface and whole-cell recognition methods, including immunoassay techniques and molecule-specific probes;
INTRODUCTION
Considerable resources are expended each year to measure indicator bacteria and assess whether recreational beaches are free from fecal contamination (Schiff et al. 2002) .These However, the fecal contamination signal can dissipate or disperse while the initial samples that would trigger such an investigation are being processed, making it difficult to subsequently track the sources of fecal contamination. Even when upstream tracking is successfully initiated, the slow laboratory processing time requires that many locations be examined simultaneously, rather than using spatiallysequential sampling that would be possible if a more rapid (and possibly field-based) method were available.
The limiting factor for present methods is that they rely on culturing techniques that either measure a metabolic endpoint or determine growth of a microorganism after an extended incubation period. New molecular methods that allow direct measurement of cellular properties without incubation are becoming available and have the potential to reduce the measurement period to less than an hour. These new technologies also allow expansion of the number and types of microbiological indicators that can be measured.
Beach monitoring programs are presently based primarily on E. coli and Enterococcus spp. because they are easily and inexpensively cultured. Molecular methods do not require culturing and allow for pathogens such as viruses to be measured as easily as bacterial indicators, potentially providing a more direct link to public health risk.
While development of molecular methods has advanced considerably for use in several disciplines, such as the food service and hospital industries (Fung 2002) , there has been less effort toward application of new methods for recreational water quality testing. Water testing can present challenges that are not frequently encountered in these other fields. Generally speaking, there are small numbers of the microorganisms of interest in a water sample, therefore large volumes of water must typically be processed, or some enrichment or concentration approach included in sample processing. In addition, presence/absence information is not adequate for assessing recreational waters. Methods must yield accurate quantitative information. Other problems with water samples include the presence of potential interferents to specific methodological approaches, such as salinity, humic acids, highly variable and complex sample matrices, and the presence of other confounding dominant native bacterial species. In this paper, we review rapid methodologies that are being developed for use in recreational waters and also identify the major impediments to adoption of these methods. For the purpose of this article, we treat "rapid" as methods that provide results in less than 4 hours (including sample preparation time), which is the longest time frame that reasonably allows managers to take action to protect public health (i.e. post or close a beach) on the same day that water samples are collected.
METHODOLOGICAL OVERVIEW
There are two general steps involved in the application of rapid technologies. The first is the capture, in which the microbial species or group of interest (or some molecular/chemical/or biochemical signature of the group) is removed, tagged or amplified to differentiate it from the remaining material in the sample. This step is typically responsible for the selectivity of the approach. The second step is the detection, in which the captured, tagged or amplified material is counted or measured quantitatively. The detector typically acts as a transducer, translating the biological, physical, or chemical alteration into a measurable signal.
These steps differ slightly among measurement approaches, but they provide a useful outline for organizing our discussion. In many cases, a third step, preconcentration, may be added prior to target capture because most recreational waters have relatively dilute levels of contaminants compared to other applications. Recreational water standards for bacterial indicators are roughly 100 cfu/100 ml, or 1 cell/ml. Since many detection technologies are based on measuring less than a single ml, preconcentration may be necessary to achieve acceptable precision. With use of an external magnet, the bound material can be effectively separated from the remainder of the sample. One advantage of Ab-based approaches is that captured bacteria are still viable and can be further studied, having the potential to yield more specific information about the sources of the bacteria through assessment of genotypic or phenotypic information (Scott et al. 2002) . PCR utilizes a combination of reagents and temperature change schemes to anneal and denature nucleic acid sequences for exponential amplification of the gene of interest (Saiki et al. 1985) . Quantitative PCR (Q-PCR) is a primer-based molecular technique that combines the specificity of conventional PCR with the quantitative measurement of fluorescence for determining the presence of specific types of nucleic acid in environmental samples.
Capture methods
One type is the molecular beacon approach, which employs the use of dual-labeled oligonucleotide probes, that typically bear a 5 0 -fluorescent reporter dye and a "dark" quencher group in the 3 0 -position (most commonly Dabcyl). The probe has a unique structure designed to specifically hybridize to a target sequence. When the probe hybridizes to its target sequence, the structure is disrupted and the 5 0 -reporter is physically separated from the 3 0 -quencher, allowing fluorescence emission to be detected and measured quantitatively (Heid et al. 1996) . Lyon ( NASBA is similar to PCR technology, but is an isothermal based method of RNA amplification that was applied originally to HIV-1 detection (Kievits et al. 1991) .
Instead of utilizing a thermostable DNA polymerase, as PCR does, RNA is amplified using an enzyme mixture at a fixed temperature. NASBA detection systems are currently commercially available from BioMerieux, Inc Once the electrical field is applied, the quartz begins to oscillate with increasing amplitude. At a specific oscillation, the antigen (virus or bacteria) suddenly is removed from the surface of the crystal. The noise created during this disruption is proportional to the number of antigens that were originally attached to the surface of the crystal.
Piezoelectric biosensors have been used to detect Salmonella typhimurium in food (Babacan et al. 2002) , and for the detection of Listeria monocytogenes (Vaughan et al. 2001) .
Sensitivity levels have not been demonstrated at 1 cell/ml to date for piezoelectric-based detection, but flow-through systems as presented by Babacan et al. (2002) have the potential to be combined with preconcentration systems.
SAMPLE PREPROCESSING
The biggest technical impediments to the implementation of these methods are the detection sensitivity and the volume assayed. Most detection technologies are based on measuring sample volumes less than 1 ml. EPA's recommended marine bathing water standard is 35 enterococci per 100 ml, which equates to less than one cell per ml. Thus, detectors measuring only a 1 ml volume, even if they are capable of detection of one cell per ml, will necessarily produce unacceptable sensitivity and poor precision at concentrations near the standard. 
Immunoassay approaches
There are several promising immunoassay approaches in development that have been adapted from technologies applied for rapid detection of food borne pathogens (Lim 2000; Lim 2001 ). An example is the evanescent wave fiber optic biosensor (Tims et al. 2001; DeMarco and Lim 2001; Lim 2003; Kramer and Lim 2004 ). This approach is based on a biosensor sandwich immunoassay that utilizes antibodies on a fiber optic waveguide to detect the target pathogen needs can be addressed, this assay is advantageous because live bacteria can be recovered from fiber optic waveguides after the assay to confirm viability or other analyses (Kramer et al. 2002; Tims and Lim 2003) . In addition, the fiber optic biosensor platform is portable and can be used by minimally-trained personnel in the field. centrifugation for preconcentration, AATI has been able to achieve detection in the 10 2 /100 ml range within two hours.
AATI is also exploring use of the RBD with fluorochrome labeled rRNA specific peptide nucleic acid (PNA) probes.
PCR-Based technologies
Q-PCR methods are sufficiently advanced that EPA has already incorporated them into two epidemiology studies.
The methods that they have used are outlined in Haugland 
( ( )) ( ( )) ( ( )) ( ( )) ( ( )) ( ( )) ( ( )) ( ( )) ( ( )) ( ( )) ( ( )) ( ( )) (( )) ( ( )) ( ( )) (( )) Detection antibody binds to antigen and fluoresces when laser turned on. An advantage of this method is that it is an extension of one that has been used successfully for source identification (Field et al. 2003a,b; Bernhard et al. 2000 Bernhard et al. , 2003 , potentially providing additional information which can assist in health risk management decisions.
Detection antibody
Q-PCR methods specific for enterococci and other pathogens have been developed by Blackwood et al. (2004) , using multiplex reactions that allow for simultaneous quantification of three targets, such as total enterococci, E. faecalis and Salmonella spp., or total enterococci, Bacteroides spp., and adenovirus, yielding information that could potentially indicate source of fecal contamination and a link to public health risk. For example a multiplex assay has been developed for quantification of B.
thetaiotaomicron, Salmonella sp., and total enterococcus.
Preliminary results demonstrate efficiencies in the multiplex reactions ranging from 95 -122% with no significant differences in the slopes within a reaction (r-squared .0.995) with detection over a wide dynamic range from greater than 10 5 to less than 2 bacteria per reaction (Blackwood et al. 2004) .
IMPEDIMENTS TO IMPLEMENTATION
While the largest technical impediment to implementation of rapid methods is sensitivity, another factor that will limit use of new methods is regulatory acceptance. Most recreational water quality monitoring is required by, or conducted with funding from, EPA, whose approval will be necessary before most practitioners will transition to a new method. Some of the testing necessary for approval, such as demonstration of method accuracy, specificity, and precision, is relatively easy to accomplish. However, the most important criterion for evaluating acceptability of a new method is a demonstrated relationship to human health risk.
A relationship to health risk is critical because current water quality standards are based on epidemiology studies in which exposure was assessed using culture-based methods which measure some aspect of metabolic activity.
In contrast, most new methods, particularly nucleic acid methods, are based on measuring the presence of specific genes without assessing cell viability. As such, the new methods have the potential to overestimate health risk relative to present standards. Unfortunately, the epidemiological studies necessary to establish the health risk relationship are expensive and time consuming. However, many of the rapid techniques described above are equally applicable to a wide array of microbes, perhaps allowing adoption of indicators that have an even better relationship to pathogens or health risk than occurs for existing methods 
CONCLUSIONS
The development of rapid microbial indicator methods is moving quickly and they will likely become available for use within the next few years, allowing managers to take action toward protecting swimmers from exposure to waterborne pathogens on the same day that samples are collected.
Sensitivity is the major technological hurdle facing all three classes of rapid methods, but this may be overcome through a preconcentration step, which has the potential to boost sensitivity without the need to develop new detector technology.
In the short term, available methods are likely to be based on technological improvements to existing enzyme/-substrate-based methods that reduce incubation times from overnight to a few hours and can be approved for use based on demonstrated equivalency with current EPA approved methods. Molecular surface recognition-based methods will also become available soon, but may require inclusion in an epidemiological study to gain EPA approval. Eventually, rapid methods will gravitate toward newer nucleic acid technologies, which are more versatile and sensitive, but are still early in their development and will also require inclusion in an epidemiological study for approval.
